Aims Transdermal iontophoresis in combination with laser Doppler fluxmetry (LDF) are useful techniques for examining dermal microcirculatory responses to different vasodilators. Differences in skin and microcirculation structure could influence the recorded baseline flux, and the observed vasodilatation. To examine this we compared baseline flux and the response of microvascular blood flow to a single vasodilator, acetylcholine, at sites in the forearm and hand. Methods Baseline microcirculation flow was recorded by LDF in a temperature controlled laboratory. The change in flux with iontophoresis of identical doses of acetylcholine, 150 mA for 40 s, was recorded at 12 different sites in the forearm and hand in 10 female and 3 male subjects. Results Baseline flux patterns and the vasodilatation to identical periods of iontophoresis of acetylcholine were site dependent. Palmar sites showed a higher baseline flux, but no vasodilatation to iontophoresis of acetylcholine. In contrast the volar forearm, dorsal hand and finger sites showed lower site-dependent baseline flux, but did vasodilate. Conclusions Patterns of baseline flux are specific to sites on the hand and forearm reflecting differences in underlying microvascular structure. The vasodilatation to transdermal delivery of acetylcholine is also site dependent, but differences in skin structure may be more important than the underlying microvasculature in determining the response.
Introduction Methods
The techniques of iontophoresis in combination with laser Subjects Doppler fluxmetry (LDF) are increasingly used to investigate responses to transdermal delivery of charged vasoactive Thirteen healthy male and female subjects (10 female and 3 male) aged 21-42 years were recruited. Full ethical approval agents to the dermal microcirculation [1] [2] [3] . The skin has a heterogeneous structure which can influence the transdermal was obtained from the local Ethics Committee. Subjects refrained from alcohol, caffeine and tobacco for 12 h prior delivery of drugs [4] [5] [6] . Variation in the underlying microvascular structure may also influence the baseline flux and to the experiment, and were asked not to eat for 2 h prior to the experiment, avoiding any heavy meals on that day. responses to iontophoresis. The palmar aspect of the hand is rich in arterio-venous anastomoses (AVAs) which are All subjects were asked not to use any detergents, hand creams or other substances on their hands on the day of the important in thermoregulation [7, 8] . AVAs are fewer in number on the dorsum of the fingers and absent from the experiment, and washed their hands in the same neutral pH soap immediately prior to the experiment. dorsum of the hand, where the microvasculature's role is predominantly nutritive. Here we have used LDF and iontophoresis to compare the characteristics of baseline flux Experimental outline and the microvascular response to transdermal administration of a single agent, acetylcholine, at different sites on the The effect of identical periods of iontophoresis of acetylchoforearm and hand. The sites were chosen for comparison of line at three sites on the non-dominant forearm and nine both nutritive and arterio-venous anastomoses rich areas.
sites on the hand was compared in the 13 subjects. The sites However, differences in skin structure between the sites are shown in Figure 1 , and are grouped according to the might be anticipated to alter the transdermal delivery of underlying vascular structures, and skin anatomy; nutritive acetylcholine.
sites chosen were forearm (sites 1, 2 and 3), and dorsum of hand (sites 8 and 9). Sites with high numbers of arterio-designed to allow easy attachment to fingers, and were attached to the skin using adhesive tape with care not to occlude the vascular supply to the finger. A cathode, consisting of an electrocardiogram electrode (3M), was attached to the adjacent skin 4 cm away. A laser Doppler probe (Moor Instruments MBF 2, Axminster, Devon) was incorporated into the iontophoresis chamber recording flux from the 1 cm 2 area of skin to which the acetylcholine was administered. The signal, in volts, was recorded onto a chart recorder. Baseline flux was continuously monitored by LDF until it had remained stable for at least 60 s. A standard dose of 1% acetylcholine given with a constant current of 150 mA applied across the skin for 40 s was administered by iontophoresis. This dose was developed from a pilot study which had examined a range of dose-response curves for iontophoresis of 0.1-2% acetylcholine over the range 50 mA for 40 s to 200 mA for 60 s. Following iontophoresis, flux continued to be monitored for a minimum of 5 min or until the flux returned to the baseline value. A control period of iontophoresis was performed on the dorsum of the middle finger overlying the proximal phalanx, site 5. This consisted of the identical protocol, except that 0.9% normal saline replaced acetylcholine in the iontophor- Table 1 ).
sites 10. Thenar eminence 11. Finger pulp of the index finger 12. Central palm.
Analysis of traces and statistics
The flux was recorded as an electrical signal expressed in finger pulp (11). Sites on the dorsum of the fingers (DOF) (sites 4, 5, 6, and 7) were chosen as having fewer AVAs volts, and plotted against time. Figure 2 illustrates the different elements of the signal that were measured. The than palmar sites. The control was at site 5.
In a single subject the correlation of the cardiac pulse and pulse amplitude (PA) is the amplitude of the signal variation with the cardiac pulse, the flux amplitude (FA) is the the respiratory cycle with flux was formally examined with LDF recorded at site 5. Simultaneously the cardiac cycle maximum amplitude of the whole flux signal, and was calculated during stable periods of flux over a 10 s period. was recorded by a single lead electrocardiogram, and the respiratory cycle by means of a chest wall strain gauge.
The median flux was calculated from the mid-point of the flux amplitude. The response to acetylcholine was calculated as the Materials maximum change from baseline values, expressed as the ratio of (maximum value-baseline value)/baseline value) and Acetylcholine was obtained from Sigma, Poole, and stored at −20°C in a desiccator. A fresh 1% solution was made expressed as change in flux, PA or FA (Table 2 ). Paired ttests were used to assess the significance of the change in immediately prior to the experiment, by dilution of the salt in 0.9% saline, filtered and kept at room temperature during flux. The Pearson product-moment correlation coefficient between baseline flux and baseline flux amplitude, and the experiment. A control solution of 0.9% saline was also prepared.
between baseline flux and the change in flux in response to iontophoresis of acetylcholine, were determined.
Technique
Results The experiments took place in a temperature controlled environment (19-23°C). All subjects sat on a couch with
Characteristics of baseline flux their hands supported at the level of the right atrium. At each of 13 sites an identical protocol was followed: an
The upper part of Figure 3 illustrates normal sinus arrhythmia where inspiration precedes an increase in heart rate. It is iontophoresis chamber, 1 cm in diameter and 0.5 cm deep containing an inert platinum anode, was attached to the clear from the laser Doppler recording from the dorsum of the hand that variation also occurs in the flux. It would skin and filled with 1% acetylcholine. Chambers were appear that flux begins to increase as the heart rate rises prominent at the other sites, but, as can be seen in Figure 4 , were also demonstrated at DOF sites. There was a good with inspiration. Similar variation was noted at the other sites.
correlation between the magnitude of baseline flux and flux amplitude (r=0.82, P<0.001).
Variability of baseline flux
Baseline flux showed site-dependent differences in its size
Response to iontophoresis and characteristics. Baseline flux was greatest at palmar sites. Table 1 . Large (up to two fold) shown in Table 2 , where a change in flux was defined as a change greater than the 95% confidence limits of the mean changes in flux occurred at palmar sites at slower rates than the respiratory cycle (Figure 4) . These changes were less flux at the control site. Where a change in flux was noted Table 2 Change in flux, pulse amplitude and flux amplitude in response to acetylcholine at the different sites. the time from the start of iontophoresis to the first change acetylcholine was only weakly related to the magnitude of increase in flux at different sites (Table 2 and Figure 2 ), (r= in flux was consistent, (mean 17.48±6.33 s) at all sites.
Time (s)
The magnitude of the change in response to iontophoresis 0.47, P+0.1). This was associated with an apparent decrease in the variability in flux due to other factors such as cardiac was site dependent, with the three forearm sites showing the greatest and most consistent response to acetylcholine and respiratory cycles. PA showed little variation at palmar sites in response to iontophoresis. (Table 2) . Good responses to acetylcholine were also seen at DOF and DOH sites. Vasodilatation to acetylcholine was minimal at palmar sites (Table 2) . At all sites, except the control and site 11, the change in flux was significantly
Control studies different from baseline flux (P<0.001) and there was an inverse correlation between the baseline flux, and the change Flux was very sensitive to minute quantities of acetylcholine, and a different iontophoresis chamber and laser Doppler in flux with iontophoresis of acetylcholine (r=−0.64, P<0.02).
probe were used during the control studies. Probes which had been at all contaminated with acetylcholine on previous occasions produced a change in flux and pulse amplitude if Pulse amplitude and flow amplitude the chamber was used as the anode. This change in flux could be eliminated by reversing the direction of current Baseline pulse amplitude (PA) was similar at all sites. Baseline flux amplitudes (FA) were greatest at palmar sites, particularly flow, so preventing the iontophoresis of positively charged acetylcholine. Using separate iontophoresis chambers no the finger tip, as shown in Table 1 and Figure 4 .
The magnitude of increase in PA in response to change in flux, or any other parameters was observed in the control studies using 0.9% saline with the iontophoresis Surprisingly this was very consistent, and the time to the onset of flux and pulse amplitude changes was approximately chamber acting as anode (Table 1) .
18 s at all sites, and between men and women. At the greatest values of flux which were achieved Discussion following iontophoresis there was loss of the typical baseline pattern of variation in flux. This re-emerged as the flux LDF is a technique which allows continuous monitoring of the dynamic variation in flux in the skin microcirculation returned towards baseline values. At the greatest flux values achieved neither vasomotion or the respiratory cycle could [9] . The recorded signals show spatial and temporal variation [10] [11] [12] [13] [14] . The results presented here confirm the variability be differentiated as causing variability to the flux. The changes in flux mirrored changes in the PA, which also and suggest that the characteristics of the flux are related to the site from which they are recorded. Site also influences increased following iontophoresis, and decreased as flux returned towards baseline values, with loss of the flux the observed vasodilatation in response to acetylcholine. The patterns of flux at all sites were altered by the cardiac pulsatility at high flux values, as described previously [11] .
In conclusion, there are characteristic patterns of baseline pulse, and respiratory cycle (Figure 3) as shown by others [9] . Local changes in flux were prominent at palmar sites, flux in the skin of the hand and forearm reflecting the underlying microvascular structure. The responses to ionespecially the finger tip, at rates which correlate with previous descriptions of vasomotor function [13, 14] , and tophoresis of acetylcholine are also site dependent, with palmar sites failing to respond, probably because of differences this was also demonstrated on the DOF.
Local differences in patterns and magnitude of baseline in transdermal delivery due to differences in skin structure. Sites on the dorsum of the hand and fingers are the most flux may reflect differences in the anatomical arrangement of vessels and the local control of vascular tone [15] . At suitable for LDF recording, and for examining responses to iontophoresis of acetylcholine. palmar sites, particularly at the finger pulp, there are large numbers of AVAs, which reduce in number towards the palm [7] . The characteristics of flux at palmar sites would References be consistent with the particularly high flows in these vessels, especially at the finger tip. In contrast there are few, if any,
